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A cylindrical detector in the LADI instrument at the Institut Laue–Langevin in Grenoble,
France, records neutron diffraction patterns. The data enable the generation of three-
dimensional molecular structures that include hydrogen atoms. (Bob Cubitt/ILL.)
JUNE 2020 | PHYSICS TODAY 37
David Hoogerheide is a researcher at the National Institute of Standards and
 Technology Center for Neutron Research in Gaithersburg, Maryland. Trevor Forsyth
is a senior fellow and head of the life sciences group at the Institut Laue–Langevin in
Grenoble, France; he also holds a chair in biophysics at Keele University in the UK.
Katherine Brown is a senior researcher in the Cavendish Laboratory at Cambridge
University in the UK and at the University of Texas at Austin. 
Neutron-based techniques have become increasingly power-
ful and sophisticated tools for structural biology research. Recent
improvements in sources, instrumentation, and sample prepara-
tion have revolutionized the scope of biological neutron scatter-
ing. Although such methods have been used to probe macromol-
ecules2 since the 1960s, their application to the study of biological
systems was limited because data acquisition was technically dif-
ficult and frustratingly slow. (For more about early work on bio-
logical neutron scattering, see the article by Peter Moore, PHYSICS
TODAY, January 1985, page 62.) Technological advances are
changing how researchers perceive and exploit neutron scatter-
ing. Here, we focus on current and emerging techniques that are
propelling  cutting-edge research in
structural biology at modern neutron
sources.
Neutrons around the world
There are two types of modern neutron
beam sources. Continuous, or steady-
state, sources produce neutrons by fis-
sion, whereas pulsed sources produce
neutrons by spallation—the breakup of
nuclei. The two types of sources have
different yet complementary proper-
ties. Continuous sources use classi-
cal optical elements such as choppers,
monochromators, and analyzers to
condition neutron beams and parse
scattering data. Pulsed sources have an
inherent time structure that derives from their use of proton ac-
celerators; that structure allows for time-of-flight measurements
and offers the ability to discriminate between particle energies.
Neutrons produced by both types of sources typically have en-
ergies similar to those associated with atomic and molecular mo-
tions. To study macromolecular systems under physiologically
relevant conditions, researchers use cold neutrons with wave-
lengths from 40 Å to 2 Å and thermal neutrons with wavelengths
less than 2 Å because both types probe biologically relevant
length and time scales. 
Neutron facilities that undertake structural biology research
exist throughout the world (see figure 1). In the US, they include
David P. Hoogerheide, V. Trevor Forsyth, and Katherine A. Brown
The past two decades have seen explosive growth in re-search on structural molecular biology. High-throughputtechniques for determining biological structures areyielding large amounts of information about atomic-,cellular-, and tissue-scale organization. Advances are
driven by modern high-brilliance synchrotron sources, synchrotron-
based full-field x-ray microscopy and tomography, free-electron lasers,
and cryoelectron microscopy facilities. The scientific landscape is chang-
ing at a remarkable pace with increasing emphasis being placed on in-
terdisciplinary and multi-technique approaches. Neutron scattering fa-
cilities around the globe are expanding their capabilities to provide
unique and complementary insights about biological systems.1
Modern neutron sources illuminate the complex functions of living systems.
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Oak Ridge National Laboratory (ORNL) and NIST in Maryland.
ORNL hosts both a continuous and a spallation source, and
NIST operates a continuous source. Benno Schoenborn’s work
on myoglobin at Brookhaven National Laboratory in the 1960s
stimulated a great deal of interest in applying neutrons to the
study of biological systems. Los Alamos National Laboratory
has also made significant contributions to structural biology.
In Europe, the Institut Laue–Langevin (ILL) in Grenoble,
France, founded in 1967, pioneered the use of neutrons to study
biological systems. Groundbreaking research at the ILL by Hein-
rich Stuhrmann and Bernard Jacrot drove an increase in the use
of neutrons for studying macromolecules in solution. It spurred
the establishment of a European Molecular Biology Laboratory
(EMBL) outstation at the ILL in 1975 to support the developing
field. The Forschungs-Neutronenquelle Heinz Maier-Leibnitz
(FRM-II) facility in Germany has also invested considerably in
structural biology research. The ISIS Neutron and Muon Source
in the UK has focused on the study of soft matter with biological
applications. The European Spallation Source (ESS) in Sweden is
scheduled to produce its first neutrons in 2020 and should reach
full power in 2024; it will be the world’s most powerful spallation
source and include several instruments for biological research.  
Structural biology initiatives for neutron-based research are
also underway in the Asia–Pacific region. The Japan Proton Ac-
celerator Research Complex (J-PARC) spallation source pro-
duces high-intensity secondary neutron beams, and the Aus-
tralian Nuclear Science and Technology Organisation neutron
source has a suite of experimental equipment for biological re-
search. The China Spallation Neutron Source, which opened in
2017, is also developing a structural biology program.
Solution scattering
Small-angle neutron scattering (SANS) is the most widely used
neutron-based technique for structural biology. It involves dif-
fracting a cold neutron beam with a solution of proteins or other
macromolecules, as illustrated in figure 2a. The diffracted beam
creates a scattering pattern that arises from interactions between
the incident neutron beam and atomic nuclei in the macromol-
ecule and solvent. The pattern contains information that can be
used to construct images of the molecules of interest. 
A unique advantage of SANS studies is that they can high-
light specific parts of a molecule or molecular complex through
solvent contrast variation. The approach, summarized in figure
2b, is often used in conjunction with selective deuterium label-
ing,3 which is carried out by the in vivo synthesis of proteins in
deuterated media and allows components in a complex system
to be distinguished at a relatively low resolution (10–20 Å). The
technique exploits the distinct coherent and incoherent neu-
tron scattering properties of hydrogen and D atoms. Hydrogen
has a large incoherent scattering cross section and a negative
coherent scattering length. Deuterium, on the other hand, has
a negligible incoherent scattering cross section and a large, pos-
itive coherent scattering length comparable to that of most
other atoms in biological molecules. 
SANS is sensitive to the relative arrangement of the proteins,
nucleic acids, and lipids in assemblies of biological molecules.
It can reveal structural arrangements in multicomponent sys-
tems and is therefore being increasingly used alongside com-
plementary techniques such as small-angle x-ray scattering
(SAXS), NMR, electron microscopy, and mass spectrometry.
The three-dimensional structure shown in figure 2c was con-
structed from a combination of SANS, SAXS, and NMR mea -
surements. The complex includes an enzyme known to chemi-
cally alter RNA as part of the normal cellular life cycle,4 and its
study provided insight into how the enzyme’s components as-
semble and how its interactions with RNA regulate the protein’s
chemical modification and correct folding in living cells.
Stealth nanodisk containers have been developed for use
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FIGURE 1. NEUTRON FACILITIES are found across the globe. Some, like the Institut Laue–Langevin, have been engaged in  biological
 neutron research for decades. The European Spallation Source, on the other hand, is still under construction. Once  operational, it will be 
the world’s most powerful spallation source. (Tetiana Chemerys/Alamy Stock Photo; adapted by Freddie  Pagani using www.neutronsources.org
/neutron-centres.)
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with SANS. They provide a lipid environment into which mem-
brane proteins are inserted. Selective deuteration that renders
the containers invisible enables the study of isolated membrane
protein structures in a biomimetic lipidic context.5
More than 20 neutron sources host SANS instruments, and
their capabilities for biological research are expanding on mul-
tiple fronts. For example, novel instrument and sample config-
urations have been developed, including integrated size exclu-
sion chromatography and spectroscopy.6 Anne Martel and
collaborators are building an in situ SAXS system on the D11
instrument at the ILL. The combination of SANS and SAXS al-
lows multiple properties of a protein’s structure to be probed
simultaneously. A facility having both SANS and SAXS func-
tionalities enables the study of complex biological systems
with features on scales ranging from molecular to subcellular. 
Emerging computational approaches involving SANS in-
clude the development of software programs to reliably eval-
uate data and to apply advanced molecular dynamics (MD),
Monte Carlo, and normal mode analysis methods to building
biologically relevant atomistic model structures.6,7 The Small
Angle Scattering Biological Data Bank and the BIOISIS repos-
itory for SAXS data underpin those approaches by standardiz-
ing the deposition and validation of scattering data and models
derived from neutron and x-ray sources.  
Surface structures 
Neutron reflectometry (NR) elucidates the structures of macro-
molecules on immobilized surfaces. Lipidic systems that
mimic biological membranes are of particular interest. As
shown in figure 3a, a typical NR experiment uses one or more
lipid bilayers spread on a planar substrate. A temperature-
 controlled liquid flow cell creates a solid–liquid or liquid–air
interfacial surface at which macromolecules sit. Detectors
count reflected neutrons; those data are then transformed into
reflectivity curves from which structural information about the
interface is extracted.8 Contrast variation and deuteration of in-
dividual components such as proteins or lipids can aid in the
interpretation of NR data.
NR is useful for understanding structural arrangements
and studying molecular interactions between proteins and
membrane macromolecules. Like other neutron methods, it is
particularly powerful when combined with other biophysical
techniques. For example, NR data collected at NIST in collab-
oration with the National Institutes of Health were used in
combination with MD simulations to understand how the pro-
tein tubulin interacts with biological membranes. Tubulin is
known for its role as the major component of microtubules in
the cytoskeleton, and it is a target for chemotherapeutic drugs
such as taxol. However, tubulin has also been shown to asso-
ciate with outer membranes of mitochondria, which are re-
sponsible for cellular respiration. 
To understand how that association could occur, re-
searchers analyzed NR data of membrane-bound tubulin using
composition space modeling.9 They described the structure 
of the membrane–protein complex using information such as
molecular volumes, chemical connectivity, and known three-
dimensional structures. Figure 3b compares the orientation of
membrane-bound tubulin derived from NR with the orienta-
tion from a complementary MD simulation. Together, the two
techniques revealed the membrane-binding domain and rota-
tional dynamics of tubulin interacting with membrane lipids. 
At the ILL and ISIS, NR studies have shed light on the rela-
tionship between cholesterol and lipid bilayers. By making full
use of the ability to produce designer-deuterated analogues of
cholesterol and deuterated lipids, the studies have improved
our understanding of atherosclerosis.10
Crystallography
Neutron sources can determine single-crystal protein structures
with atomic or near-atomic resolution. The experimental
arrangement used for neutron macromolecular crystallography
(NMX) is shown in figure 4a. Ideally, the sample is a crystal
grown from fully deuterated protein. The crystal is maintained
in a hydrated environment or cryocooled during measurements.
Data are collected as Bragg reflections using image-plate,
c
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FIGURE 2. SMALL-ANGLE NEUTRON SCATTERING (SANS)
probes biomacromolecular structures in solution. (a) In a SANS
 experiment, the incident beam is scattered at small angles by
 proteins and other macromolecules in solution. Scattered neutrons
are typically collected using a two-dimensional helium ion detector,
shown here as a flat screen, and the data are transformed into plots
of scattering intensity I as a function of angle θ. (b) The scattering
properties of each component in a complex can be independently
varied by selectively deuterating specific parts of the structure.
 Adjusting the fractions of D2O and water in the surrounding solution
changes the contrast of each component.3 (c) The structure of a
complex formed between RNA (red) and the subunits of the box
C/D  ribonucleoprotein enzyme (gray, blue, and green) shown here
was found using SANS in concert with other biophysical  techniques.
(Panels a and b courtesy of David Hoogerheide; panel c adapted
from ref. 4.)
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 scintillator, or gas detectors. The data are
then used to produce a density map, yielding
an atomic model that includes the locations
of H or D atoms and hence provides unique
information beyond that available from x-ray
crystallography. 
The Protein Data Bank archive is an inter-
national repository that contains more than
160000 protein crystal structures. The majority
have been determined by x-ray crystallogra-
phy, which means they do not provide de-
tailed information about the location of H atoms. Only about 150
proteins have been studied using NMX, and most of those studies
occurred relatively recently as a result of developments at neutron
facilities worldwide.
The lack of NMX-derived information in the data bank is a se-
vere limitation given that H atoms are central to a protein’s struc-
ture, function, and interactions. Neutrons directly visualize the
locations and orientations of water molecules around biological
macromolecules, the protonation of amino acids, and the details
of hydrogen bond arrangements (see figure 4b).11 In neutron den-
sity maps of crystal structures H atoms appear as negative den-
sity and D atoms appear as positive, so that deuterated proteins
in which H is replaced with D greatly improve visibility. Whereas
x rays allow one to see structure, neutrons allow insights related
to a protein’s chemistry, such as protonation shifts and charge
transfer processes (see PHYSICS TODAY, November 2003, page 17).
Peter Moody at the University of Leicester and collaborators
have recently done research involving the iron-containing pro-
teins cytochrome c peroxidase (CcP) and ascorbate peroxidase
(APX). That work provides an excellent example of how neu-
tron protein crystallography has revealed novel information
about the roles of protons and H2O in enzyme catalysis. Those
model systems have helped to unravel the mysteries of the
degradation of hydrogen peroxide and other small molecules.
CcP and APX carry an Fe-containing organic cofactor, known
as a heme, buried in their centers. The structural arrangement
of the heme is similar to that of hemoglobin, the oxygen-binding
protein in blood. To carry out catalytic reactions, the heme in
the center of a peroxidase needs to interact with O or an O-con-
taining molecule such as H2O2.
Researchers are intrigued by the nature of Fe–O com-
plexes—both what they look like and where the protons are lo-
cated in the proteins that help stabilize them. Structures of im-
portant Fe–O complexes in CcP have typically been obtained
by x-ray crystallography. However, the x rays release electrons
that alter the chemical states of metals, including the Fe in
heme enzymes. Figure 4c shows the heme portion of APX in
an important Fe–O complex as determined using NMX. The
image shows where the Fe–O is located and the orientation of
an O–D chemical intermediate that is critical for enzymatic
function. The use of NMX therefore provides new information
about the structure and interactions of the heme cofactor and
additional insights about how oxidative enzymes like CcP and
APX function in a cell.
Improved instrumentation for neutron-based protein crys-
tallography has considerably increased the speed of data ac-
quisition and volume of data that can be obtained using NMX.
Cylindrical neutron-sensitive image-plate (NIP) detectors and
detector arrays maximize the solid angle of data capture and
the efficiency of data acquisition. At the ILL, Matthew Blakeley
and colleagues have driven successive upgrades of the LADI-
III diffractometer that have delivered improvements in effec-
tive neutron flux. It now collects better-quality data with higher
throughput. NMX beamlines worldwide use cryocooling to
freeze short-lived chemical intermediates in protein crystals.11
Data from those crystals enable researchers to visualize the
atomic structures of unstable protein intermediates, including
the locations of H atoms.
Protein dynamics
Protein dynamics such as hinge-bending movements, large-
amplitude collective motions, and sampling of different struc-
tural arrangements are essential for biological function.12 Neu-
tron scattering techniques are highly effective for studying
motion in biological systems; they are sensitive to length scales
ranging from 1 Å to 100 Å and to time scales in the femtosecond
to microsecond range. 
Experiments typically use solutions of proteins in various
solvents that have different levels of deuteration. Protein dy-
namics can also be studied in living cells. Depending on the ex-
perimental configuration, data can be extracted through either
incoherent or coherent scattering from samples. Techniques
such as quasielastic neutron scattering (QENS) probe H dy-
namics in proteins by measuring incoherent scattering. Coher-
ent scattering techniques, such as neutron spin echo (NSE) and
backscattering spectrometry, detect pair correlations and can
be used to study collective dynamics in proteins.12 For example,
NSE has been used to study how two large domains of the en-
zyme phosphoglycerate kinase move in solution to form a
structure that enables it to perform catalysis.13
Small-angle neutron scattering supplies some information
on the assembly of proteins and complexes, and information






























FIGURE 3. NEUTRON REFLECTOMETRY (NR) is performed on 
thin films of biological materials prepared on solid, flat
substrates. (a) A typical NR sample consists of a lipid bilayer with
 associated biomolecules such as proteins in a fully hydrated
 environment, typically a sample container that allows in situ buffer
exchange. The fraction of the beam scattered as a specular
 reflection—with equal incident and reflected angles θ—is measured
over a range of angles and transformed into a reflectivity curve. 
(b) The orientation of tubulin (pink), a peripheral membrane protein,
on a biomimetic mitochondrial membrane surface (blue) was
 derived from NR data. The results validate molecular dynamics
 simulations (gray) and reveal mechanistic details of both the surface
binding mechanism and the motions of the surface-bound tubulin
 molecule.9 (Courtesy of David Hoogerheide.)
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ments. In the context of other biochem-
ical and biophysical experiments, those
data can elucidate macromolecular
 dynamics and their relationships to bio -
logical function in many processes, in-
cluding enzyme catalysis, protein fold-
ing, motions in folded and intrinsically
disordered proteins, and fluctuations in
the ribosome structure.13,14
Although the number of instruments
available for the study of macromolecu-
lar dynamics using neutrons is relatively
small, all the major facilities have signifi-
cant capability in the area and are con -
tinually upgrading and incorporating
emerging technical developments. Up-
grades to the ILL’s backscattering and
time-of-flight spectrometers have in-
creased their incident flux and energy res-
olution, thus improving data quality and,
crucially, reducing the amount of sample
material required. J-PARC has been grad-
ually building its user program and ex-
panding its capability to study macro-
molecules since 2008; it now has six
instruments for inelastic or quasielastic
scattering at its Materials and Life Science
Experimental Facility. 
At FRM-II, inelastic scattering exper-
iments will benefit from planned upgrades, including neutron
guides with supermirror coatings and a new time-of-flight spec-
trometer, increasing the neutron flux to samples. The neutron
spin-echo spectrometer at NIST has been upgraded with a new
neutron polarization device, which has yielded a significant re-
duction in data collection time and required sample size while
enhancing the range of accessible time scales. In 2023, with col-
laboration from the Center for Neutron Science at the Univer-
sity of Delaware and funds from NSF, a new spin-echo spec-
trometer will increase NIST’s data collection rate by an
additional order of magnitude.
Emerging capability
Neutron facilities worldwide are working to increase the range
and diversity of possible structure-based studies of biological
systems. New diffractometers are being developed to improve
NMX and to reduce demand on existing instruments. The ILL is
constructing a new instrument called DALI to improve capacity
and to allow researchers to study crystals with larger unit cells.
New, fast detectors on the Macromolecular Neutron Diffractome -
ter at ORNL (shown in figure 5a), a biological crystal diffrac-
tometer at J-PARC, and the possible use of a gas electron multi-
plier detector at the ESS will increase those facilities’ capabilities. 
As throughput increases, so will the need for data portability
and standardization across sources and beamlines. The Diffrac-
tion Integration for Advanced Light Sources project has devel-
oped open-source software to address that need by producing
a framework for the collection and analysis of data.
One example of new instrumentation for NR is the Chro-
matic Analysis Neutron Diffractometer or Reflectometer,
which is being commissioned at NIST. Shown in figure 5b,
CANDOR is a white-beam reflectometer featuring a novel scin-
tillator-based, position-sensitive and energy-selective detector.
It combines energy discrimination—the primary advantage of
pulsed-source reflectometry—with the uninterrupted flow of
neutrons from a continuous source. By utilizing a large range
of neutron wavelengths, CANDOR is expected to increase the
neutron flux at the sample position by more than an order of
magnitude compared with current instruments.
Neutrons have considerable potential for imaging on length
scales of multicellular organizations and tissues. They are par-
ticularly well-suited to that job because their penetration depth
into biological materials can be tuned by changing the irradi-
ation energy. For example, neutron tomography techniques, in-
cluding emerging methods such as small-angle tensor tomog-
raphy,15 offer the possibility of imaging 3D structures in tissues
and whole organisms with micrometer resolution. The ESS has
identified neutron tomography as a technique that could ben-
efit from its higher brilliance source, which allows for more
rapid data collection and improved resolution. 
Other recent innovations include axisymmetric mirrors to
reflect and focus neutrons. Wolter optics, originally developed
for telescopes, have already been implemented in a compact
SANS instrument at the Spallation Neutron Source at ORNL.16
Such setups are opening possibilities for neutron imaging of
live biological samples.
Strategies and collaboration
In July 2018 the American Physical Society’s Panel on Public Af-
fairs published a report, Neutrons for the Nation. The 32-page re-
port highlights current and future issues around the need to





















FIGURE 4. (a) IN NEUTRON MACROMOLECULAR CRYSTALLOGRAPHY (NMX), diffraction
data, which are observed as reflections, are collected from a deuterated water–soaked protein
crystal sample  irradiated by a neutron beam. Reflections are transformed into a nuclear scatter-
ing density using phase information, which is often obtained from the x-ray crystal structure of
the same protein. (b) The purple mesh shows the electron density of a histidine residue; the
cyan mesh shows the corresponding density derived from neutron data. The atomic structure
is shown as a stick diagram with hydrogen atoms in green and deuterium in white. The non-
overlapping cyan mesh indicates the presence of D atoms that can only be visualized using
neutrons. (c) A portion of the crystal structure of ascorbate peroxidase (APX) was determined
by combining crystallographic data obtained using x rays and neutrons. The stick diagram
shows the atomic structure; cyan mesh shows the density from the neutron map surrounding
the iron-containing compound (orange sphere) in APX. The black mesh depicts the nuclear
density of an oxygen–deuterium chemical  intermediate (red and white stick). Studying the
 interactions of the O–D intermediate with an Fe-containing compound helps uncover how
 oxidative enzymes function. (Panel a courtesy of David Hoogerheide; panels b and c adapted
by Peter Moody at the University of Leicester, UK, from ref. 11, H. Kwon et al.)
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trons. Such activities are “essential components of R&D in nu-
merous areas of science and engineering,” the report says. “Neu-
tron sources play a key role in overall U.S. innovation capacity.” 
The report also points to a decline in neutron R&D efforts
in the US. It acknowledges an urgent need to invest in main-
taining diverse and complementary capabilities, including
spallation facilities, research reactors, and high-performance
instrumentation, as part of reestablishing the US as a world
leader in neutron research. In Europe, the League of Advanced
European Neutron Sources was created to coordinate efforts to
increase the impact of neutron science. The key aim of the
league’s charter, signed in September 2018, is to “facilitate any
form of discussion and decision-making process that has the
potential to strengthen European neutron science via enhanced
collaboration among the facilities.”
Well-defined strategies and cooperation between facilities at
national and international levels will help maximize the potential
for using neutrons to study biological problems. An emerging
trend among large-scale facilities is to give users access to multi-
ple techniques, such as state-of-the-art neutron, x-ray, cryoelec-
tron microscopy, and NMR platforms, at or near the same site, as
now routinely happens at the Grenoble Partnership for Structural
Biology. Biological neutron scattering is at its most powerful
when combined with other techniques that provide unique in-
sights into the structure, assembly, and function of macromole-
cules. Such collaboration presents a great opportunity for physi-
cists to engage with challenging problems in biological research
to impact both fundamental knowledge and human health.
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FIGURE 5. (a) THE LARGE METAL FRAMEWORK OF THE MACROMOLECULAR NEUTRON DIFFRACTOMETER (MaNDi) at Oak Ridge
 National Laboratory supports numerous scintillation detectors used to collect diffraction data from protein crystals. (b) The new Chromatic
Analysis Neutron Diffractometer or Reflectometer (CANDOR) at the NIST Center for Neutron Research in Gaithersburg, Maryland, discriminates
between neutron energies using Bragg diffraction with highly oriented pyrolytic graphite analyzer crystals. MaNDi and CANDOR represent a
new generation of instruments for collecting neutron data with increased sensitivity and higher throughput.
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